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Edited by Judit Ova´diAbstract Segments that may crucially inﬂuence the catalytic
behaviour of glucosyltransferases of the glucansucrase type were
selected for modiﬁcation. This was done by sequence alignments,
followed by structural modelling of the putative catalytic do-
main, based on a permuted form of the glucosyltransferase R
(GtfR) of Streptococcus oralis. Five selected regions, located
in the C-terminal half of the potential catalytic domain, were
replaced by segments found at equivalent positions in other
glucosyltransferases. The exchanges of four of these regions sig-
niﬁcantly aﬀected catalysis by GtfR. This identiﬁed C-terminal
determinants for substrate binding and turnover and supports
the so-called permutation hypothesis with respect to enzymes
of the glucansucrase type. Based on the model, roles are pro-
posed for speciﬁc residues. Major eﬀects appear to involve a
re-positioning of the C-terminal Tyr965 that very likely serves
as a hydrophobic platform for the substrate.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Catalytic determinants; Enzyme variants;
Glucosyltransferase; Glucansucrase; Permutation hypothesis;
Three-dimensional structure1. Introduction
Glucosyltransferases (GTFs) of the glucansucrase type are
extracellular lactic acid bacterial enzymes that use sucrose
(Suc) to synthesize diﬀerent types of high molecular mass glu-
cans [1,2]. These diﬀer in chain length, linkage type and degree
of branching. Catalysis by GTFs probably involves a two-step
mechanism, the ﬁrst step being a nucleophilic attack at Suc-C1
to displace fructose (Fru) and form a GTF-glucosyl intermedi-Abbreviations: AA, amino acid; Fru, fructose; Glc, glucose; GTF,
glucosyltransferase; Suc, sucrose; WT, wild-type
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doi:10.1016/j.febslet.2007.07.031ate [3]. Subsequently, this activated ester is attacked by a
hydroxy group of the non-reducing end of a growing glucan
chain. In alternative pathways, the intermediate can also react
with water or with other nucleophiles. The latter reaction is
used in vitro to transfer the glucosyl moiety onto diﬀerent
acceptor molecules, typically mono-, di- or trisaccharides.
The glucosylation of diﬀerent acceptors, using a readily avail-
able substrate like Suc, has evoked biotechnological interest in
these enzymes [4–6].
GTFs consist of a single long polypeptide chain of about
1500 amino acids (AAs). They have been classiﬁed to belong
to family 70 of clan H of glycoside hydrolases [7]. No three-
dimensional structure is available so far. However, sequence
determinations and alignments as well as biochemical studies
of wild-type (WT) and variant enzymes indicate that their pri-
mary structure consists of four functionally diﬀerent segments,
an N-terminal signal peptide, essential for their secretion, a so-
called variable region of unknown function, a segment of
about 800 AAs that harbours the active site (‘‘catalytic do-
main’’), and a ‘‘glucan-binding domain’’ of approximately
500 residues [1]. Sequence comparisons with the structurally
much better characterized enzymes of family 13 of clan H,
the alpha-amylase family, showed local similarities [8]. This
suggested that also the family 70 enzymes contain a tim barrel
structure in their catalytic domain. MacGregor et al. [8] pro-
posed that, relative to family 13, the elements constituting this
barrel occur circularly permuted in the primary structure of
GTFs. Sequence comparisons were also exploited to putatively
assign speciﬁc catalytic functions to single residues, by analogy
with the alpha-amylases. Subsequent studies, using site-speciﬁc
AA substitutions, yielded (almost) inactive variants, consistent
with important roles of these residues [9–12]. With a single
exception [13], speciﬁc residues studied so far are all located
in the N-terminal half of the putative catalytic domain. We
now examined in how far ﬁve segments, located C-terminal
to the previously investigated regions, crucially inﬂuence catal-
ysis. Such results should also provide evidence for or against
the permutation hypothesis.2. Materials and methods
2.1. Bacterial strains and plasmids used
E. coli strains used for gene cloning and expression, respectively, were
XL10-Gold (Stratagene) and BL21*(DE3) (Invitrogen). Recombinantblished by Elsevier B.V. All rights reserved.
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tococcus oralis ATCC 10557 [14], and pAER100, containing a 5 0-termi-
nally truncated version (A.M. Swistowska, S. Wittrock, W. Collisi and
B. Hofer, in preparation).2.2. Mutageneses
Using mutagenic primers, mutant DNA segments were obtained by
PCR [15], in combination with overlap extension PCR [16]. Using
established procedures [17], WT restriction fragments were replaced
by the respective PCR products. After cloning, the integrity of all
PCR-synthesized fragments was veriﬁed by DNA sequencing [18].2.3. Culture conditions
Strain XL10-Gold was grown in LB medium [17] at 37 C. Selection
for plasmids was done with Ap (100 lg/ml) for pTH275 and its deriv-
atives, and with Km (50 lg/ml) for pAER100 and its derivatives. Strain
BL21*(DE3) was grown at 30 C in LB medium, adjusted to pH 6.0
with HCl, and supplemented with the appropriate antibiotics. When
a cell density of 0.6–0.7 OD600 was reached, transcription was induced
by addition of 0.4 mM IPTG. Cells were either harvested after over-
night incubation or after a further 4–5 h and stored at 70 C over-
night before disruption.
2.4. Preparation of cell extracts
Cells were washed and resuspended in 50 mM sodium phosphate
buﬀer, pH 6.0, and were disrupted by two passages through a French
Press (Aminco, Silver Spring, MD, USA) at 138 MPa. Undissolved
material was separated at 4 C by centrifugation for 45 min at
27000 · g. Extracts were stored at 70 C.
2.5. Protein gel electrophoresis and quantitation
Samples were mixed with the same volume of 2· cracking buﬀer [19],
and the proteins were separated by 0.1% SDS–7.5% PAGE [20]. Gels
were stained by one of the following three methods. For routine pro-
tein visualization, Coomassie Blue was used [17]. For GtfR quantita-
tion, gels were stained with SYPRO Ruby [21]. Band intensities of
gel images were evaluated with the AIDA 3.5.1 software (Raytest,
Straubenhardt, Germany), using bovine serum albumin and phosphor-
ylase B from rabbit muscle as standards. For visualization of glucan
formation by the enzymes, GtfRs were renatured and incubated with
10% (w/v) of Suc and 0.1% (w/v) of dextran T-10 as described [22].
When polymer formation was not directly visible, glucans were stained
by the PAS procedure [23].
2.6. Enzyme activity assays and kinetic measurements
GtfR activity was determined enzymatically with a reagents kit from
r-biopharm (Darmstadt, Germany). The protocol is based on the pro-
cedure of Mayer [24], modiﬁed to separately quantitate fructose (Fru)
and glucose (Glc) liberation. Substrate hydrolysis was monitored by
measurement of Glc formation; transglucosylation was determined
from the diﬀerence between Fru and Glc liberation. For standard activ-
ity measurements, aliquots of cell extracts were incubated at 37 C for
20 min in 50 mM sodium phosphate buﬀer, pH 6.0, containing 100 mM
of Suc. Reactions were stopped at 100 C. After centrifugation for
3 min in an Eppendorf centrifuge at 13000 rpm, sugar concentrations
were determined in the supernatant. For determinations of kinetic con-
stants, four independent measurements were carried out at each sub-
strate concentration. Reaction rates typically were determined
between 1 and 2 min after addition of enzyme. The data were evaluated
by Eadie-Hofstee plots. One unit of activity was deﬁned as the amount
of enzyme forming 1 lmol of Fru per min under assay conditions.
2.7. Amino acid sequence alignments and model building
Sequence alignments were carried out with the clustal W algorithm
[25] and were subsequently and edited by eye. Structure-based se-
quence alignments were carried out with CE [26]. The GtfR structural
model was generated with Modeller [27], using the alpha-amylase
structure 1VJS [28] as template. Restraint parameters were kept at
the default values. In order to stay as close as possible to the tem-
plate structure, no additional molecular dynamics calculations were
attempted. Sucrose was obtained from the amylosucrase structure
1JGI [29] and was placed manually into the active site of the model
at the analogous position of the ligand in the amylosucrase structure.3. Results
3.1. Tentative identiﬁcation of GtfR regions in the vicinity of the
active site
Sequence alignments were carried out with about 50 glucos-
yltransferase (GTF) sequences. Subsequently, N- and C-termi-
nal segments of the putative catalytic domain were aligned
with the sequences of enzymes of known structure [28–30]
belonging to family 13 of clan H of the glycoside hydrolases.
This deﬁned segments 1–9 (S1–S9), potentially located in the
vicinity of the active site. Subsequently, a structure-based
alignment yielded a permuted GtfR sequence, comprising
AAs 924–1025 and 429–839. It conﬁrmed the sequence-based
alignment, except for S6, for which a counterpart appears to
be absent in alpha-amylases and could not be assigned in amy-
losucrase. The alpha-amylase structure 1VJS [28] was used as
template to generate a three-dimensional model of the per-
muted GtfR catalytic domain (GtfR-permu). A correlation
of AA numbering in GtfR-WT and GtfR-permu is given in
Table 1. Whilst larger deviations between template and model
were observed for peripheral regions, a signiﬁcant spatial coin-
cidence was found in the vicinity of the putative active site
(Fig. 1A). The root mean squared deviation for the backbone
atoms of 65 residues around the substrate molecule, obtained
from the amylosucrase structure 1JGI [29], is 0.77 A˚. Residues
previously shown to strongly aﬀect the activity of GTFs [9–12]
are found in the modelled active site. In the non-permuted
GtfR sequence, they are all located in the N-terminal part of
the putative catalytic domain. Of the eight above-mentioned
segments that are harboured by GtfR-permu, all but S5 are
located close to the modelled active site (see also Figs. 1B
and 4, below). Interestingly, Tyr42 (GtfR-permu numbering),
a constituent of S8, appears to function as hydrophobic plat-
form for the substrate.3.2. Substitution of putative active site residues in the N-terminal
half of the catalytic domain
As a ﬁrst experimental validation of the model with respect
to GtfR, the codons of three residues of the N-terminal half of
the original sequence, Arg188, His300 and Asp301, located in
S2 and S4 and predicted to be substrate-lining (Fig. 1A), were
separately mutagenized. These AAs were designed to be substi-
tuted by Met, Phe and Glu, respectively. None of these
replacements had been carried out before in any GTF. Unex-
pectedly, the gene product of the ﬁrst mutation was not ob-
tained. This may be due to misfolding of this protein,
leading to its precipitation or rapid degradation, but was not
further investigated. The other two variants were obtained in
yields comparable to that of the WT. The total catalytic activ-
ities (liberation of Fru) of these variants were drastically de-
creased; to 0.1% or 0.3%, respectively, indicating that these
positions are highly sensitive, even to substitutions by rela-
tively similar side chains.3.3. Exchange of putative active site segments in the C-terminal
half of the catalytic domain
Of the nine segments identiﬁed above, the ﬁve in the C-ter-
minal half of the catalytic domain, S5–S9, were selected for
modiﬁcation. Their positions in GtfR-permu are shown in
Fig. 1B, except for S6, which is not part of the model. In each
segment, several residues were simultaneously exchanged, as
Table 1
Positions in wild-type and permuted GtfR of the amino acids of











Glu 907 naa 6






Asp 914 na Ser
Phe 915 na Thr
Ala 916 na Pro
Thr 917 na
Glu 943 20 7
Leu 944 21 Tyr
Pro 945 22 Ala
Pro 946 23
Gln 947 24
Tyr 948 25 Phe
Ser 959 36 8
Ile 960 37 Val
Ile 961 38 Val






Glu 968 45 Ser
Asp 969 46
Arg 970 47
Ala 1003 80 Ser 9
Asp 1004 81
Trp 1005 82 Leu
Val 1006 83
Pro 1007 84
Asp 1008 85 Asn
Gln 1009 86
Ile 1010 87 Leu
Tyr 1011 88
Arg 514 188 Met 2
Asp 516 190
Glu 554 228 3
His 626 300 Phe 4
Asp 627 301 Glu
Ser 713 387 Thr 5
Pro 714 388 Ile
Tyr 715 389 Asn
His 716 390 Tyr
Asp 717 391 Glu
Ala 718 392
Ile 719 393
Asp 720 394 Glu
Ala 721 395 Thr
Amino acid exchanges in the investigated variants are indicated.
ana, not applicable.
Fig. 1. Three-dimensional model of a permuted GtfR. (A) Structure of
template (1VJS) and model at the active site, harbouring a sucrose
molecule. Template is in grey, model is in green (backbone) or brown
(side chain carbons), respectively. Sucrose carbons are also in brown.
Oxygens and nitrogens are throughout in red or blue, respectively.
Residue numbering refers to GtfR-permu. (B) Location of segments
exchanged in this work. An active site sucrose molecule is shown with
carbons in light blue and oxygens in red. Side chains around the
substrate and of the diﬀerent segments are also shown in ball-and-stick
representation, with oxygens in red and nitrogens in blue. All other
parts are coloured as follows: violet (S5), yellow (S7), green (S8),
orange (S9), and light grey (other regions of the enzyme).
4038 A.M. Swistowska et al. / FEBS Letters 581 (2007) 4036–4042shown in Table 1. In order to obtain variants that could be
functionally characterized rather than in inactive ones, they
were generated by ‘‘soft’’ substitutions, i.e., WT residues were
exchanged against AAs occurring in other GTFs at equivalentpositions. This implied that invariant residues remained un-
touched. This second generation of variants was derived from
GtfR-100, a fully active GtfR lacking the so-called variable re-
gion, which was obtained in such high yields that about one-
third of the total protein in cell extracts was GtfR (A.M. Swis-
towska, S. Wittrock, W. Collisi and B. Hofer, in preparation).
The concentrations of WT and variant enzymes were compara-
Fig. 2. Yields of GtfR wild-type and variants synthesized in E. coli.
The dissolved fraction of intracellular proteins was separated by SDS–
PAGE and stained with Coomassie Blue.
Table 2
Speciﬁc activity and fraction of substrate hydrolysis by GtfR-100 and
its variants, as determined under standard conditions
Enzyme name Speciﬁc activity
(U/mg)
Suc hydrolysis (%)
Mean S.D. Mean S.D.
GtfR-100 10.3 2.6 31.4 1.8
GtfR-S5 9.6 2.7 33.2 1.0
GtfR-S6 8.4 2.8 26.0 1.3
GtfR-S7 11.4 2.2 32.4 0.9
GtfR-S8 6.7 1.9 23.8 1.0
GtfR-S9 1.9 0.4 19.3 1.6
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tates, when SDS–PAGE gels were incubated in sucrose solu-
tions (not shown). This was not quantitated, but it appeared
that all variants formed less precipitates than the WT.
3.4. Catalytic properties of segmental variants
Total catalytic activities were quantitated under standard
conditions (Table 2). GtfR-S5 to -S7 showed activities that
were similar to those of the WT. However, the activities of
variants S8 and S9, were moderately or strongly, respectively,
reduced. The Glc moiety of Suc can be transferred either to
carbohydrate (transglucosylation) or to water (hydrolysis).
GtfR-S5 and -S7 showed very similar fractions of hydrolysis
as the WT (Table 2). For variant S6, about 20% less substrate
was channelled into the hydrolytic pathway. The largest reduc-
tions in hydrolysis were shown by variants S8 and S9.
To get a more detailed insight into the eﬀects of the ex-
changes on catalysis, apparent Michaelis–Menten parameters
were determined for hydrolysis and transglucosylation (Table
3), which are known to diﬀerently depend on the concentration
of Suc [31].
Seven residues were replaced in S5. The respective variant,
however, showed only small changes in kinetic parameters
for both, substrate hydrolysis and transglucosylation.Table 3
Apparent kinetic parameters for sucrose hydrolysis and glucosyl transfer by
Enzyme name Hydrolysis
kcat (s
1) Km (mM) kcat/Km
(s1 mM1)
Mean S.D. Mean S.D. Mean S.
GtfR-100 6.3 1.5 0.19 0.04 33.1 11
GtfR-S5 9.1 2.4 0.22 0.02 41.8 11
GtfR-S6 3.1 0.7 0.18 0.02 17.7 4
GtfR-S7 10.9 0.6 0.12 0.02 94.0 18
GtfR-S8 5.2 1.3 0.46 0.07 11.2 3
GtfR-S9 1.1 0.2 0.12 0.03 9.1 2Although GtfR-S6 possessed a similar speciﬁc activity as the
WT (Table 2), a moderate reduction in hydrolytic turnover
was observed. A similar decrease in the kcat for transglucosyla-
tion and in the respective Km resulted in a signiﬁcant reduction
of the apparent speciﬁcity constant kcat/Km.
The exchanges of three residues in S7 inﬂuenced hydrolysis
and transglucosylation diﬀerently. For the former reaction,
moderate increases in both, substrate turnover and aﬃnity,
were observed, resulting in a signiﬁcant enhancement of the
speciﬁcity constant. For transglucosylation, the predominant
eﬀect was a strong decrease in the apparent substrate aﬃnity,
leading to a corresponding drop of kcat/Km.
The four AA replacements in variant S8 left the turnover
numbers for both, hydrolysis and transglucosylation, largely
unchanged. However, substrate aﬃnities were signiﬁcantly af-
fected, showing a moderate reduction for hydrolysis and a
large decrease for transglucosylation.
In GtfR-S9, the substitution of four residues aﬀected the two
reaction pathways diﬀerently. For Suc hydrolysis, a large
reduction of turnover, but a moderate increase in substrate
aﬃnity was observed. Transglucosylation also showed a large
drop of kcat, but a drastical decrease in apparent substrate aﬃn-
ity, resulting in a very large reduction in the speciﬁcity constant.
Thus, all segmental exchanges except that of region 5 signif-
icantly inﬂuenced catalysis. The major eﬀects were decreases in
the apparent substrate aﬃnity for the transglucosylation reac-
tion.4. Discussion
4.1. The catalytic mechanism
A mechanism for GTFs with distinct roles for Asp190 and
Glu228 (GtfR-permu numbering) has been suggested by anal-
ogy with the mechanism proposed for alpha-amylases [1]. The
modelled active site agrees with the functions assigned to these
AAs and additionally suggests speciﬁc roles for Arg188 and
Asp301. Brieﬂy, we propose the following (Fig. 3). Arg188
deprotonates Asp190, which nucleophilically attacks C1 of
Suc. This is supported by a simultaneous proton transfer from
Glu228-OE1 to Suc-O1. Asp301 facilitates this transfer by
simultaneously donating a proton to Glu228-OE2. This in-
creases the electron density at the carboxyl group of Asp301
and thus its ability to serve as hydrogen-bond acceptor for
the hydrogens of Suc-O3 0 and/or Suc-O2 (not shown). The
adjacent His300 helps to keep the substrate in the required ori-
entation by forming hydrogen bridges with Suc-O2 and
Suc-O3 (Fig. 4). After formation of the covalent GtfR-GlcGtfR-100 and its variants
Transglucosylation
kcat (s
1) Km (mM) kcat/Km
(s1 mM1)
D. Mean S.D. Mean S.D. Mean S.D.
.2 20.5 5.3 2.6 0.7 7.8 2.9
.5 17.8 4.7 2.3 0.4 7.8 2.5
.5 9.0 2.2 5.2 1.4 1.7 0.6
.7 23.8 3.9 31.9 7.9 0.75 0.22
.3 21.9 5.5 31.5 3.7 0.70 0.19

































































Fig. 3. Possible catalytic mechanism of GtfR. The schematic drawing
shows a sucrose molecule and the side chains of the amino acid
residues proposed to participate. Hydrogen-bonds suggested by our
model are indicated in red. Only the ﬁrst relay of electron transfers,
leading to formation of Fru and the covalent GtfR-Glc intermediate, is
depicted.
4040 A.M. Swistowska et al. / FEBS Letters 581 (2007) 4036–4042intermediate, the dissociation of the liberated Fru moiety initi-
ates the reversion of the above-mentioned relays of proton/
electron transfers, so that eventually Glu228-OE1 carries a
negative charge and subsequently (partly) abstracts the hydro-
gen from the attacking hydroxy group at the end of the newly
bound glucan.
The very low activities of variants His300Phe and As-
p301Glu are consistent with the outlined functions of the
WT residues. Side chain hydrogen bridges formed between
His300 and the Glc moiety are necessarily missing in variant
His300Phe. Moreover, this exchange probably modulates the
structure of its steric environment, as the benzene ring cannot
be accommodated in the model without van der Waals clashes.
The very low activities after the more drastic changes by sub-
stitution of the His by Gly, Ala or Arg in other GTFs [11,12]
also agree with the role proposed for this AA. The Asp301Glu
exchange in the model suggests the elimination of side chain
hydrogen bridges to Suc-O2 and -O3 0 and, most notably, to
the side chain of the catalytic base Glu228. The replacement
of this Asp by Asn in GTF-I of Streptococcus downei MFe28
resulted in a drop of activity below 1% [10], in agreement with
the low potential of the amino group to act as proton donor
for the catalytic base.4.2. Correlation between the eﬀects of segment exchanges and
the model
Of the 34 AAs that lie within a radius of 10 A˚ around Suc-
C1 in GtfR-permu, 25 are found within seven of the eight seg-
ments, originally deﬁned solely by sequence comparisons, that
are harboured by the model (Fig. 4). S5 is the only segment
containing no such residue. Of the regions exchanged in this
work, S7–S9 show inter-segmental hydrogen bonding among
each other as well as with S1 and S2 (Fig. 4).
S5 is located in a peripheral position, at a distance of 20 A˚ or
greater from the Suc in the active site. Its predicted hydrogen-
bonding pattern does not involve any residues outside of S5.
Consistent with this is the absence of signiﬁcant changes in
the catalytic properties of variant S5, despite the fact that se-
ven of the nine residues in this segment had been replaced.
S6 cannot be discussed on the basis of the 3D model. We
emphasize, however, that the four AA exchanges within this
segment did have moderate, but signiﬁcant inﬂuences on the
catalytic properties of GtfR.
In GtfR-permu, S8 contains Tyr42, a hydrophobic platform
on which the hydrophilic substrate rests. It corresponds to
Tyr147 of the amylosucrase 1JGI or to Tyr56 of the alpha-
amylase 1VJS, respectively [28,29]. Variant S8 showed signiﬁ-
cant decreases in the apparent substrate aﬃnity, although this
Tyr as well as the adjacent Ala43 and Phe44, all highly con-
served and predicted to form inter-segmental hydrogen-bonds,
remained unchanged. A simulation of the substitutions sug-
gested that the simultaneous replacement of four AAs within
the segment aﬀects the position of the Glc-supporting Tyr42.
The major changes are expected to originate from the Glu45-
Ser replacement. A substitution in the model suggests no ster-
ical interference, but the replacement of carboxyl side chain
hydrogen-bonds with Asp46 and Asn140 by hydroxyl side
chain hydrogen-bonds with Val26 and Ser27, next to S7, and
with Asp46.
The exchange of S7 moderately aﬀected Suc hydrolysis, but
strongly increased the apparent Km for transglucosylation.
GtfR-permu suggests that Pro23 within this region is a critical
residue, as it supports the Tyr42 platform and helps to keep it
in place. In the alpha-amylase 1VJS and the amylosucrase
1JGI, Pro44 or Pro134, respectively, play the same role
[28,29]. Although we did not exchange Pro23 itself, the three
adjacent AA substitutions are likely to aﬀect its position
and, thereby, that of Tyr42. The Leu21Tyr replacement may
play a major role here, as no rotamer of Tyr21 can be accom-
modated in the model without structural changes of its envi-
ronment. Furthermore, the Tyr25 side chain probably
contributes to the positioning of the nucleophile Asp190
through hydrogen-bonding, which is necessarily eliminated
by the Tyr25Phe substitution.
Variant S9 showed the largest changes in the apparent kcat
and Km values for transglucosylation. GtfR-permu suggests
that S9 plays a central role in an inter-segmental hydrogen-
bonding network involving regions 1, 2, 7 and 8 (Fig. 4). Thus,
three residues hydrogen-bond to Arg188, which is probably in-
volved in the deprotonation of the nucleophile Asp190. In
turn, the protonated nitrogen of Arg188, through hydrogen-
bonding, contributes to the positioning of the Tyr42 platform.
These interactions are likely to be aﬀected by the Trp82Leu
substitution, as the much smaller space ﬁlled by the Leu side
chain is expected to trigger a sterical re-shuﬄing around this
position. This likewise should aﬀect Gln86, a potential coun-
Fig. 4. Visualization of hydrogen-bonds in the model GtfR-permu. Conserved segments, identiﬁed by sequence alignments, are indicated by boxes.
Residues located within diﬀerent radii around the C1 of the substrate are shown in diﬀerent colours, as indicated. Intramolecular hydrogen-bonds
between the modiﬁed segments 7, 8 and 9 and all other conserved segments are depicted in yellow (one bond) or red (two bonds), respectively.
Sucrose–enzyme hydrogen-bonds are shown in grey.
A.M. Swistowska et al. / FEBS Letters 581 (2007) 4036–4042 4041terpart of a crucial His residue in alpha-amylases, whose
replacement by ﬁve diﬀerent AAs yielded variants with less
than 5% of WT activity [13]. Additionally, the side chain of
the newly introduced Asn85 may inﬂuence the position of
Asp190 by forming a hydrogen bridge with this residue.
In conclusion, the AA exchanges, carried out in previous and
the present work, in regions that are N-terminal in the non-per-
muted sequence are consistent with the three-dimensional mod-
el GtfR-permu and with the proposed catalytic mechanism.
Substitutions in S7–S9, that are C-terminal in the non-per-muted sequence, were shown to signiﬁcantly modulate the cat-
alytic behaviour of GtfR, although all invariant residues were
left untouched and all exchanges avoided ‘‘unnatural’’ substitu-
tions. The model predicts direct (S8) or indirect (S7 and S9)
eﬀects of these exchanges on the structure of the active site.
Experiments involving substitutions of highly conserved or
invariant residues of S6–S9 are underway to analyze the impor-
tance of these residues. Preliminary results strongly support the
crucial role of these regions. Segments S7–S9 are located be-
yond the border proposed for a circular permutation of the
4042 A.M. Swistowska et al. / FEBS Letters 581 (2007) 4036–4042GTF structural elements relative to those of the enzymes of the
alpha-amylase family. Therefore, these data also support this
permutation hypothesis [8] with respect to enzymes of the glu-
cansucrase type. The C-terminal segments shown to aﬀect
catalysis by GtfR may serve as a guideline for detailed studies
of the roles of AAs beyond the permutation border.
Acknowledgments: The authors are indebted to Birgit Hofmann for
helpful discussions and for ﬁgure preparation. Financial support of
this project by the Deutsche Forschungsgemeinschaft through SFB
578 (‘‘From gene to product’’), project A2, is gratefully acknowledged.References
[1] Monchois, V., Willemot, R.M. and Monsan, P. (1999) Glucan-
sucrases: mechanism of action and structure–function relation-
ships. FEMS Microbiol. Rev. 23, 131–151.
[2] van Hijum, S.A., Kralj, S., Ozimek, L.K., Dijkhuizen, L. and van
Geel-Schutten, I.G. (2006) Structure–function relationships of
glucansucrase and fructansucrase enzymes from lactic acid
bacteria. Microbiol. Mol. Biol. Rev. 70, 157–176.
[3] Mooser, G., Hefta, S.A., Paxton, R.J., Shively, J.E. and Lee, T.D.
(1991) Isolation and sequence of an active-site peptide containing
a catalytic aspartic acid from two Streptococcus sobrinus alpha
glucosyltransferases. J. Biol. Chem. 266, 8916–8922.
[4] Meulenbeld, G.H., Zuilhof, H., van Veldhuizen, A., van den
Heuvel, R.H. and Hartmans, S. (1999) Enhanced (+)-catechin
transglucosylating activity of Streptococcus mutans GS-5 gluco-
syltransferase-D due to fructose removal. Appl. Environ. Micro-
biol. 65, 4141–4147.
[5] Meulenbeld, G.H. and Hartmans, S. (2000) Transglycosylation by
Streptococcus mutans GS-5 glucosyltransferase-sc d: acceptor
speciﬁcity and engineering of reaction conditions. Biotechnol.
Bioeng. 70, 363–369.
[6] Seibel, J., Hellmuth, H., Hofer, B., Kicinska, A.-M. and
Schmalbruch, B. (2006) Identiﬁcation of new acceptor speciﬁcities
of glycosyltransferase R with the aid of substrate microarrays.
ChemBioChem 7, 310–320.
[7] Henrissat, B. and Davies, G.J. (1997) Structural and sequence-
based classiﬁcation of glycoside hydrolases. Curr. Opin. Struct.
Biol. 7, 637–644.
[8] MacGregor, E.A., Jespersen, H.M. and Svensson, B. (1996) A
circularly permuted alpha-amylase-type alpha/beta-barrel struc-
ture in glucan-synthesizing glucosyltransferases. FEBS Lett. 378,
263–266.
[9] Kato, C., Nakano, Y., Lis, M. and Kuramitsu, H.K. (1992)
Molecular genetic analysis of the catalytic site of Streptococcus
mutans glucosyltransferases. Biochem. Biophys. Res. Commun.
189, 1184–1188.
[10] Devulapalle, K.S., Goodman, S.D., Gao, Q., Hemsley, A. and
Mooser, G. (1997) Knowledge-based model of a glucosyltrans-
ferase from the oral bacterial group of mutans streptococci.
Protein Sci. 6, 2489–2493.
[11] Monchois, V., Remaud-Simeon, M., Russell, R.R., Monsan, P.
and Willemot, R.M. (1997) Characterization of Leuconostoc
mesenteroides NRRL B-512F dextransucrase (DSRS) and iden-
tiﬁcation of amino-acid residues playing a key role in enzyme
activity. Appl. Microbiol. Biotechnol. 48, 465–472.
[12] Tsumori, H., Minami, T. and Kuramitsu, H.K. (1997) Identiﬁ-
cation of essential amino acids in the Streptococcus mutans
glucosyltransferases. J. Bacteriol. 179, 3391–3396.
[13] Monchois, V., Vignon, M., Escalier, P.-C., Svensson, B. and
Russell, R.R.B. (2000) Involvement of Gln937 of Streptococcus
downei GTF-I glucansucrase in transition-state stabilization. Eur.
J. Biochem. 267, 4127–4136.
[14] Fujiwara, T., Hoshino, T., Ooshima, T., Sobue, S. and Hamada,
S. (2000) Puriﬁcation, characterization, and molecular analysis ofthe gene encoding glucosyltransferase from Streptococcus oralis.
Infect. Immun. 68, 2475–2483.
[15] Saiki, R.K., Gelfand, D.H., Stoﬀel, S., Scharf, S.J., Higuchi, R.,
Horn, G.T., Mullis, K.B. and Erlich, H.A. (1988) Primer-directed
enzymatic ampliﬁcation of DNA with a thermostable DNA
polymerase. Science 239, 487–491.
[16] Higuchi, R., Krummel, B. and Saiki, R.K. (1988) A general
method of in vitro preparation and speciﬁc mutagenesis of DNA
fragments: study of protein and DNA interactions. Nucleic Acids
Res. 16, 7351–7367.
[17] Sambrook, J. and Russel, D.W. (2001) Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press,
Plainview, NY.
[18] Bartels, F., Backhaus, S., Moore, E.R.B., Timmis, K.N. and
Hofer, B. (1999) Occurrence and expression of glutathione S-
transferase-encoding bphK genes in Burkholderia sp. strain LB400
and other biphenyl-utilizing bacteria. Microbiology 145, 2821–
2834.
[19] Tabor, S. and Richardson, C.C. (1985) A bacteriophage T7 RNA
polymerase/promoter system for controlled exclusive expression
of speciﬁc genes. Proc. Natl. Acad. Sci. USA 82, 1074–1078.
[20] Hofer, B., Eltis, L.D., Dowling, D.N. and Timmis, K.N. (1993)
Genetic analysis of a Pseudomonas locus encoding a pathway for
biphenyl/polychlorinated biphenyl (PCB) degradation. Gene 130,
47–55.
[21] Berggren, K., Steinberg, T.H., Lauber, W.M., Carroll, J.A.,
Lopez, M.F., Chernokalskaya, E., Zieske, L., Diwu, Z., Hau-
gland, R.P. and Patton, W.F. (1999) A luminescent ruthenium
complex for ultrasensitive detection of proteins immobilized on
membrane supports. Anal. Biochem. 276, 129–143.
[22] Gilpin, M.L., Russell, R.R. and Morrissey, P. (1985) Cloning and
expression of two Streptococcus mutans glucosyltransferases in
Escherichia coli K-12. Infect. Immun. 49, 414–416.
[23] Ferretti, J.J., Gilpin, M.L. and Russell, R.R. (1987) Nucleotide
sequence of a glucosyltransferase gene from Streptococcus sobri-
nus MFe28. J. Bacteriol. 169, 4271–4278.
[24] Mayer, R.M. (1987) Dextransucrase: a glucosyltransferase from
Streptococcus sanguis. Methods Enzymol. 138, 649–661.
[25] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUS-
TAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-speciﬁc
gap penalties and weight matrix choice. Nucleic Acids Res. 22,
4673–4680.
[26] Shindyalov, I.N. and Bourne, P.E. (1998) Protein structure
alignment by incremental combinatorial extension (CE) of the
optimal path. Protein Eng. 11, 739–747.
[27] Sali, A. and Blundell, T.L. (1993) Comparative protein model-
ling by satisfaction of spatial restrain. J. Mol. Biol. 234, 779–
815.
[28] Hwang, K.Y., Song, H.K., Chang, C., Lee, J., Lee, S.Y., Kim,
K.K., Choe, S., Sweet, R.M. and Suh, S.W. (1997) Crystal
structure of thermostable alpha-amylase from Bacillus lichenifor-
mis reﬁned at 1.7 A˚ resolution. Mol. Cells 7, 251–258.
[29] Mirza, O., Skov, L.K., Remaud-Simeon, M., Potocki de Montalk,
G., Albenne, C., Monsan, P. and Gajhede, M. (2001) Crystal
structures of amylosucrase from Neisseria polysaccharea in
complex with D-glucose and the active site mutant Glu328Gln
in complex with the natural substrate sucrose. Biochemistry 40,
9032–9039.
[30] Brzozowski, A.M., Lawson, D.M., Turkenburg, J.P., Bisgaard-
Frantzen, H., Svendsen, A., Borchert, T.V., Dauter, Z., Wilson,
K.S. and Davies, G.J. (2000) Structural analysis of a chimeric
bacterial alpha-amylase. High-resolution analysis of native and
ligand complexes. Biochemistry 39, 9099–9107.
[31] Konishi, N., Torii, Y., Yamamoto, T., Miyagi, A., Ohta, H.,
Fukui, K., Hanamoto, S., Matsuno, H., Komatsu, H., Kodama,
T. and Katayama, E. (1999) Structure and enzymatic properties of
genetically truncated forms of the water-insoluble glucan-synthe-
sizing glucosyltransferase from Streptococcus sobrinus. J. Bio-
chem. 126, 287–295.
